Final manuscriptKAZ some refs ABSTRACT Purpose. To evaluate the effect of four contemporary lens care solutions on total protein, total lysozyme and active lysozyme extracted from three contact lens materials. Methods. Adapted contact lens wearers were recruited at three sites and all subjects were randomly assigned to daily wear of either etafilcon A, galyfilcon A, or senofilcon A for 2 weeks. Four lens care solutions (Biotrue, OPTI-FREE PureMoist, RevitaLens OcuTec, and ClearCare) were used by each subject in random order with a new pair of lenses after a washout period between solutions of at least four days. After two weeks of daily wear, contact lenses were collected for analysis.
The tear film contains over 1500 proteins, with lysozyme, albumin, lactoferrin and lipocalin comprising the major proteins. 1 Lysozyme plays a critical role in the innate immunity of the tear film, by protecting the ocular surface against bacterial infection through enzymatic breakdown of bacterial cell walls. 2 Lysozyme deposition on contact lenses has been widely studied, both in vitro and ex vivo. [3] [4] [5] [6] [7] Protein deposition on contact lenses may result in contact lens discomfort, 8 decreased vision 9 and induction of inflammatory changes. 10 Previous studies have indicated that protein deposition on poly-hydroxyethyl methacrylate (pHEMA)-based hydrogel contact lenses varied greatly in both in vitro and ex vivo experimental conditions, with the water content, 11 surface charge 12 and hydrophobicity 13 of the lens material identified as important factors affecting deposition. Materials classified by the Food and Drug Administration (FDA) as being within group I (<50% water content, non-ionically charged surfaces) were shown to deposit significantly lower levels of total protein and lysozyme 11, 14, 15 compared to materials classified within FDA group IV (>50% water content, ionically charged surfaces). 16, 17 This propensity for group IV lenses to deposit proteins, particularly those that are positively charged, has been reiterated by post-market in vitro and ex vivo studies of such materials. 15, 18, 19 Silicone hydrogel (SH) lenses, which transmit higher amounts of oxygen than hydrogel materials, were commercialised in the late 1990s and reduced the signs of both acute and chronic hypoxia. 20, 21 These novel siloxane-based materials exhibited deposition profiles and preservative uptake behaviour which deviated from predictions based on the traditional FDA contact lens grouping system. 22 This resulted in a new classification system for SH materials being suggested, in which traditional factors such as water content and surface charge would be maintained, but additional factors such as the presence of surface treatments are also considered. 23 Contact lens care solutions are designed to provide adequate disinfection efficacy and enhanced comfort. They consist of several components, including preservatives (such as hydrogen peroxide, polyhexamethylene biguanide and polyquaternium-based systems), surfactants (such as poloxamers (Pluronic F87, Pluronic F127 and Pluronic 17R4) and poloxamines (Tetronic 1304 and Tetronic 1107)), chelating agents (ethylenediaminetetraacetic acid (EDTA), citrate, and hydroxyalkylphosphonate), 24 and buffering agents. The combination and concentration of these agents influences the physical properties (pH, viscosity, osmolality and surface tension) 25 of the care solutions, which could potentially influence patient comfort during contact lens wear. To date, little evidence exists of the interaction between contemporary lens care systems and SH lenses, particularly on the topic of protein deposition.
The aim of this study was to determine the effect of various contact lens-solution combinations on deposition of total protein and lysozyme on three different contact lenses that were used with four different care systems and to further measure the activity of the deposited lysozyme.
MATERIALS AND METHODS

Participants
This clinical trial was conducted in compliance with the Declaration of Helsinki and was approved by the research ethics committee at each of the three investigative sites (University of Houston, Houston, Texas, USA; University of Manchester, Manchester, United Kingdom; and the Centre for Contact Lens Research, University of Waterloo, Waterloo, Ontario, Canada).
Informed consent was obtained from all subjects prior to their enrolment in the study. Contact lenses were collected post-wear from two of the three clinical sites (University of Waterloo and University of Houston) for protein analyses. A total of 182 experienced (at least 8 hours per day, at least 5 days per week, for at least one month) spherical soft contact lens wearers between the ages of 18 and 69 years were enrolled across these two sites, and lenses from 152 participants only were eligible for analyses. The mean age of the subjects was 29 ± 10 years, and 69.8% were female. Exclusion criteria included active ocular infection, regular use of dry eye/rewetting drops and any clinically meaningful slit lamp findings contraindicating contact lens wear (e.g., ≥Grade 3 finding of edema, corneal neovascularization, corneal staining, tarsal abnormalities, conjunctival injection, blepharitis/meibomian gland dysfunction) on the Efron grading scale or any other ocular abnormality that in the opinion of the investigator might have contraindicated contact lens wear). There were no restrictions as to gender or race/ethnicity. Contact lenses (n=608 (152 subjects x 1 material x 4 solutions x 1 eye)) were collected for protein analysis at the University of Houston and the Centre for Contact Lens Research sites only. However, only data from 568 lenses could be analyzed, as 14 subjects discontinued from the study (accounting for 30 lenses) and a further 10 lenses with normalized protein values >1 (see later for data analysis) were also not included in the data analysis. 
Contact Lenses and Care Solutions
Study Design and Wear Schedule
After an initial washout period of at least 4 days, when subjects wore the 1-DAY ACUVUE MOIST daily disposable lenses and/or spectacles, each subject was randomly allocated to wear one of the three lens types. Participants were required to use a washout lens that eliminated the need for a cleaning procedure. To avoid any potential confounding factor based on solution use during washout, daily disposable lenses were chosen as the washout lens modality. A new lens of the assigned lens type was worn in combination with each of the four contact lens care solutions in random order over a period of 10 to 14 days per care solution. During this period, the subject was required to wear the study contact lenses for a minimum of eight hours a day for a minimum of five days per week. For subjects returning for evaluation after 10 days, if their lenses were not worn for at least 8 days prior to follow-up, they were not included in the analysis. There was a washout period of at least four days between each contact lens care solution during which daily disposable contact lenses and/or spectacles were worn. Subjects were fully masked to the contact lens type and partly masked to the care solution (as the difference in bottle and case designs prevented total masking for the care solutions), while clinical investigators were masked to the type of care solution only. Lab investigators were also aware of the contact lens type being collected, as the protocol for evaluating protein deposits differed depending on the contact lens material being assessed.
At the end of each contact lens-care solution wear period, the clinical investigator, wearing latexfree gloves, removed the right contact lens and placed it directly in a dry 7 mL polypropylene vial. Contact lens samples were stored at -80 °C until protein analysis. Contact lenses collected from subjects' right eyes at the University of Houston were shipped to the Centre for Contact Lens Research for the analysis of total protein, total lysozyme and active lysozyme amounts. The contact lens-containing vials were placed in cryoboxes, which were surrounded with dry ice within insulated containers before shipping.
Protein Analysis -Extraction and Lyophilization
After thawing the lens at room temperature, 1.5 or 4 mL (dependent on the lens type) of 50 parts Acetonitrile: 50 parts MilliQ water: 0.2 parts 100% trifluoroacetic acid were added to the contact lens-containing vial. Four mL of extraction buffer was used to fully extract proteins from etafilcon A lens materials, whereas only 1.5 mL was required to extract protein from senofilcon A and galyfilcon A lenses. This difference in extraction protocol is due to the fact that etafilcon A-based materials deposit greater amounts of protein than silicone hydrogels and followed a previously published protocol. 26 Samples were then placed on a shaker at room temperature for 24 hours. Afterwards, contact lens extracts were dried in a SpeedVac Concentrator (Savant, Halbrook, New York) for approximately 1.5-2 hours at 35 °C and the dried aliquots were then stored at -80 °C.
Protein Analysis -Determination of Total Protein Deposition
Total protein deposition on contact lenses was determined using a modified Bradford technique. 6, 27 The dried samples were re-suspended in phosphate buffered saline (PBS). Along with 20 μL of each of seven protein concentration standards from 0.025 to 0.5 μg/μL, and 20 μL of PBS as a control, the samples were processed through one 100% and two 90% alcohol washes, followed by drying with the SpeedVac for 10 minutes. The dried samples were re-suspended in 50 μL of the Bio-Rad Protein Assay Reagent (Bio-Rad Laboratories, Mississauga, Ontario) and incubated at room temperature for 10 minutes. This was followed by placing the samples in boiling water for up to two minutes until no precipitates were visible. After cooling, 50 μL of each sample were added to the wells of a 96-well plate. Subsequently, 150 μL of 150 mM sodium chloride (NaCl) were added to each well and the absorbance at 595 and 450 nm were read with a plate reader (SpectraMax M5e Multi-Mode Microplate Reader, Molecular Devices, Inc, Sunnyvale, California).
Protein Analysis -Determination of Total Lysozyme Deposition
To measure total lysozyme from contact lens extracts, the human lysozyme enzyme linked immunosorbent assay (ELISA) kit (Calbiotech, Spring Valley, California) was used according to the manufacturer's instructions. To prepare the sample, one of the dried contact lens extract aliquots was re-suspended in the ELISA buffer and further diluted in order to measure the sample within the range of the standard curve (40-0.125 ng/mL). Twenty-five μL of the samples and standards were added to wells coated with an anti-lysozyme monoclonal antibody. This was followed by adding 100 μL of anti-lysozyme conjugate solution to the wells. Samples were then incubated for 60 minutes at room temperature with shaking. After the incubation, wells were washed three times; upon the addition of the substrate, the absorbance at 450 nm, which was proportional to the concentration of lysozyme, was read using a plate reader.
Protein Analysis -Determination of Lysozyme Activity
Lysozyme activity was determined using a modified micrococcal assay. 28 
Statistical Analysis
All subjects met the minimum wearing time criterion. Fourteen subjects were discontinued from the study between the two sites. Levels of protein extracted from contact lenses were analyzed to test for the differences between the care solutions. The outcome variables were total protein, total lysozyme and lysozyme activity (µg/Lens). Each parameter was analyzed using a linear mixed model to test for the difference between care solutions within each contact lens type. Contact lens type, solution and a contact lens by solution interaction were included in each model as fixed effect factors. Sequence of care solution and period were included where appropriate. An unstructured covariance matrix was used to model the correlation between measurements within the same subject/eye across visits. All statistical tests were two-sided and conducted at the 5% level of significance. Adjustment for multiple pairwise comparisons between solutions across contact lens types was conducted using a Bonferroni correction. As the amounts of total protein or total lysozyme extracted from lenses are variable among subjects, extracted lysozyme and active lysozyme are presented as relative to the amount of total protein and total lysozyme respectively. Therefore, data for total lysozyme and active lysozyme were normalized to the total protein and total lysozyme respectively, prior to analysis. Three subjects (4 visits in total) from the Waterloo site and three subjects (4 visits in total) from the Houston site had normalized values greater than one; therefore, the data for those visits were discarded from all analyses. Data analysis was conducted using Statistica 12 (Statsoft Inc, Tulsa, Oklahoma) and SPSS 22 (International Business Machines Corporation, Armonk, New York). Figure 1 (A-C) shows the total protein extracted from each lens type using each solution tested.
RESULTS
Total Protein
There were higher levels of total protein extracted from etafilcon A lenses when used with
Biotrue than with the use of other care solutions (F(3, 347.585) = 38.44, p=0.0001). None of the lens care solutions impacted the amount of total protein extracted from galyfilcon A or senofilcon A (all p>0.05). Table 1 presents the summary of total protein (µg/lens) deposited on contact lenses used with different care solutions.
Total Lysozyme
Because the amount of total protein extracted from lenses is variable among subjects, lysozyme deposition is presented as relative to the amount of total protein. Figure 2 shows that the amounts of normalized total lysozyme extracted from etafilcon A were not significantly affected by any of the care solutions (p>0.05). There were statistically significant differences in levels of normalized total lysozyme extracted from galyfilcon A and senofilcon A lenses when used with different care solutions (F(3, 336.911) = 8.53, p<0.001). There were higher amounts of normalized total lysozyme extracted from galyfilcon A when used with PureMoist than when using Biotrue or ClearCare (p<0.006). Senofilcon A lenses in combination with RevitaLens OcuTec care solution had higher levels of normalized total extracted lysozyme when compared to Biotrue (p=0.002). There were no other differences observed. Table 2 summarizes the normalized total lysozyme (proportion of total protein) extracted from contact lenses when used with each care solution. Figure 3 (A-C) presents the absolute values (µg/lens) of lysozyme extracted from each contact lens type.
Lysozyme Activity
Because the amount of total lysozyme deposition on lenses is variable among subjects, active lysozyme deposition is presented as relative to the amount of total lysozyme. Therefore, data for active lysozyme was normalized to the total lysozyme prior to analysis. Normalized active lysozyme is defined as the proportion of active lysozyme to total lysozyme. Figure 4 shows that the amounts of normalized active lysozyme extracted from etafilcon A and galyfilcon A were not affected when any of the four solutions were used to clean the contact lenses (all p>0.05).
However, senofilcon A in combination with RevitaLens OcuTec had significantly lower normalized active lysozyme when compared to other care solutions (F(3, 381.446) = 7.750, p<0.004).
The percentage of active lysozyme deposition on contact lenses is shown in Figure 5 . Table 3 summarizes the normalized active lysozyme (proportion of total lysozyme) extracted from each contact lens type when used with the care solutions tested. Figure 6 (A-C) presents the absolute values (µg/lens) for the amount of active lysozyme extracted from each contact lens type tested.
DISCUSSION
In this study, the protein removal ability of four different solutions and their impact on the activity of lysozyme were examined on three contact lens materials. It is interesting to note that when examining the total amount of protein recovered from these materials, there was no effect of solution type for the two SH materials, senofilcon A and galyfilcon A ( Figure 1B and C) . In contrast, there was a statistically significant increase in the amount of protein extracted from the FDA group IV hydrogel material (etafilcon A) when subjects used Biotrue. The observation that the etafilcon A-Biotrue combination led to the greatest amount of protein deposition may be related to the differences in surfactants or wetting agents between the solutions ( Figure 1A and Table 1 ). The Biotrue solution also contains sulfobetaine, a compound previously used in laboratories to renature proteins, possibly allowing for greater overall deposition of tear film protein. 29 The greater total protein extracted from etafilcon A lenses in combination with the Biotrue solution does not appear to be due to an increase in lysozyme deposition, as analysis of the normalized lysozyme extracted from etafilcon A yielded no statistically significant differences between the four solutions ( Figure 2 ). Given these results, it is worth investigating other major proteins that deposit on etafilcon A lenses when used with these care solutions to have better insights of their proportions to total protein. Significant differences in lysozyme deposition were found when galyfilcon A was used with PureMoist, as compared to both Biotrue and ClearCare (p<0.006; Figure 2 ). Differences in lysozyme deposition were also observed with the senofilcon A material when used with RevitaLens OcuTec, compared to its use with Biotrue (p=0.002; Figure 2 ).
When examining normalized lysozyme activity, it was determined that a combination of senofilcon A with the RevitaLens OcuTec had significantly lower active lysozyme than contact lenses cleaned with the other care solutions (p<0.01; Figure 4 ).
The lack of any consistent pattern in lens-solution combination on the amount of protein extracted from the materials or the activity of the protein examined speaks to the difficulty in predicting these interactions between the lens, solution and the wearer. This finding is in agreement with the study by Zhao et al., 30 in which they suggested that the efficacy of care solutions to remove lipid and protein deposits varies with lens material. Emch and Nichols 31 also quantified the amount of protein extracted from two different SH materials (galyfilcon A and lotrafilcon B) that were used with several care solutions, and reported higher levels of protein extracted from lotrafilcon B compared to senofilcon A. They attributed this finding to differences in solution efficacy. 31 Contact lens wear is one of the causes for evaporative dry eye disease and aqueous deficient dry eye is common after 40 years, especially in women. In the current study, only 16% of subjects were over 40 years of age and among the participants that were over 40, 76% were female and 24% were males. As we had only 16% of subjects over 40, we did not have a sufficient number of older subjects to analyze the data according to age, and this would be worthwhile investigating in a future study.
It is interesting to note that the etafilcon A-Biotrue combination resulted in the greatest amount of protein deposition. However, there were no differences in protein deposition when comparing Biotrue to the other lens care solutions and the silicone hydrogel materials. A lens care solution is made up of several components including biocides, surfactants, rewetting agents, chelating agents, and buffering agents. The cleaning and disinfection ability of any care solution is dependent on various factors such as the interaction of these various components with the lens material and the cleaning ability is particularly dependent on the ability of the components to break the bonds between the protein and the contact lens material. It is very difficult to hypothesize that one particular component within these solutions plays a major role over the other in the removal of any specific deposited component. The trend towards the development of ever more complex care solutions containing more than one preservative/disinfecting agent, in addition to proprietary formulations, aims to increase comfort during contact lens wear. The three multipurpose solutions examined in this study (Biotrue, OPTI-FREE PureMoist and RevitaLens Ocutec) are all relatively new to the contact lens market, and all use dual disinfectants with a proprietary mix of surfactants and wetting agents. To date, very little data exists on the ability of these new care systems to impact protein deposition, and this study showed that there were certain contact lens-care solution combinations that appeared to reduce protein deposition.
CONCLUSIONS
The ability of lens care solutions to control protein deposition on different contact lens materials varies, and depends upon the care solution composition and also the polymeric make-up of the contact lens material. These results show that certain combinations of care solutions and contact lenses can impact the amounts of protein that are extracted from worn lenses and can result in differences in biological activity of deposited lysozyme; however, no consistent patterns were observed. The long-term consequences of these variations remain to be ascertained, before specific recommendations regarding optimal lens care solution-material combinations can be made. 
